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SUMMARY 
, 
The accuracy of a i r - d a t a  measurements made with a hemisphe r i ca l  f low-angular i ty  
probe and wi th  a fuselage-mounted p i t o t - s t a t i c - p r e s s u r e  probe has  been e v a l u a t e d  as 
par t  of a more gene ra l  high-angle-of-attack f l i g h t - t e s t  program conducted wi th  t h e  
F-14 a i r p l a n e  a t  t h e  Dryden F l i g h t  Research F a c i l i t y  of NASA Ames Research Cen te r .  
The e v a l u a t i o n s  w e r e  made a t  high flow angles, u s i n g  a c a l i b r a t e d  combined p i t o t -  
s t a t i c  and f low-angular i ty  probe f o r  r e fe rence  measurements and ano the r  r e f e r e n c e  
probe mounted i n  a f u s e l a g e  pod. Data are p resen ted  f o r  a n g l e s  of a t t a c k  up t o  6 3 O ,  
a n g l e s  of s i d e s l i p  from - 2 2 O  t o  22O, and f o r  Mach numbers from approximately 0.3 t o  
1.3.  Flow-angle measurements made w i t h  t h e  hemispherical  f low-angular i ty  probe a t  
h i g h  a n g l e s  of a t t a c k  and s i d e s l i p  t y p i c a l l y  w e r e  i n  e r r o r  by more than  20. These 
e r r o r s  r e s u l t  from a sck of t h e  p r e c i s e  p r e s s u r e  measurements needed t o  determine 
f low d i r e c t i o n  a c c u r a t d y  and f r o m  pneumatic-lag e f f e c t s .  
t h e  p i t o t - s t a t i c - p r e s s u r e  probe r e s u l t e d  i n  very i n a c c u r a t e  d a t a  above a Mach number 
of 0.87. 
of a t t a c k  and s i d e s l i p .  
P re s su re  measurements w i t h  
The probe measurements also showed g r e a t  s e n s i t i v i t y  t o  changes i n  a n g l e s  
INTRODUCTION 
I t  i s  probable  t h a t  a i r - d a t a  sensor  systems have been developed t o  such a n  e x t e n t  
t h a t  t h e  accuracy of measurements made with convent ional  s e n s o r s  is taken f o r  g ran ted  
by f l i g h t - t e s t  eng inee r s  and p i l o t s .  Although t h i s  assumption may be warranted when 
t h e s e  systems are used under normal f l i g h t  c o n d i t i o n s ,  it i s  f a r  less j u s t i f i a b l e  a t  
t h e  high ang le s  of a t t a c k  and s i d e s l i p  a t  which modern a i r c r a f t  are flown - fo r  
example, t h e  F-14, F-15, F-18, and t h e  X-29 r e sea rch  a i r p l a n e .  (The X-29 is  desc r ibed  
i n  r e f .  1 . )  
The F-14 high-angle-of-attack control-system i n v e s t i g a t i o n  a t  t h e  Dryden F l i g h t  
Research F a c i l i t y  ( re f .  2 provided a concomitant oppor tun i ty  t o  e v a l u a t e  t h e  meas- 
u r i n g  performance of a hemispherical  f low-angular i ty  probe and a fuselage-mounted 
p i t o t - s t a t i c - p r e s s u r e  probe a t  high flow a n g l e s .  Determining flow-angles by measur- 
i n g  p r e s s u r e  is of i n t e r e s t  because of t h e  r a p i d l y  va ry ing  p r e s s u r e s  a s s o c i a t e d  with 
dynamic maneuvers t h a t  i nvo lve  l a r g e  angles  of a t t a c k  and s i d e s l i p .  Since fuse l age -  
mounted P i t o t - s t a t i c  probes p r e s e n t  measurement problems even under benign flow con- 
d i t i o n s  ( e s p e c i a l l y  a t  supe r son ic  speeds) ( r e f .  3 ) ,  it i s  important t h a t  t h e i r  pe r -  
formance be eva lua ted  a t  high flow angles.  
The s e n s o r  e v a l u a t i o n s  r epor t ed  here are based on r e f e r e n c e  measurements made 
w i t h  a c a l i b r a t e d  noseboom probe, which provided p i t o t - s t a t i c - p r e s s u r e  and flow- 
a n g l e  measurements ( u s i n g  vanes ) ,  and with a r e f e r e n c e  probe l o c a t e d  below t h e  nose 
o f  t h e  f u s e l a g e ,  which a l s o  measured flow ang le .  Although t h e  r e fe rence  measurements 
are no t  n e c e s s a r i l y  e r r o r - f r e e ,  e s p e c i a l l y  a t  l a r g e  flow ang les ,  t hey  are neverthe- 
less more accurate t h a n  t h e  senso r s  t h a t  w e r e  eva lua ted  and t h u s  provide a t  l eas t  a 
good q u a l i t a t i v e  s t anda rd .  
Th i s  paper  p r e s e n t s  examples of sensor d a t a  t h a t  i l l u s t r a t e  t h e  d e f i c i e n c i e s  of 
t h e  t e s t  s e n s o r s  when used a t  high angles of a t t a c k  and s i d e s l i p .  
a n g l e s  of a t t a c k  t o  6 3 O ,  a t  ang le s  of s i d e s l i p  from -22O t o  22O, and a t  Mach numbers 
from 0.3 t o  1.3.  
Data are shown f o r  
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a i r  i n l e t  c o n t r o l  system 
a i l e ron - rudde r  i n t e r c o n n e c t  
i n f r a r e d  
c a l i b r a t i o n  f a c t o r  dependent on Mach number 
Mach number 
Mach-number parameter de f ined  by ( p i  + p2 + p4 + P5)/4p3 
Mach-number parameter de f ined  by (P4 + P5)/2P3 
Mach-number parameter de f ined  by ( P i  + P2)/2P3 
Mach-number parameter de f ined  by (p2 + P3)/2P1 
s t a t i c  p r e s s u r e  , N/cm2 ( l b / f t 2  
s t a g n a t i o n  p r e s s u r e ,  N/cm2 ( l b / f t 2  1 
., p5 p r e s s u r e  measured a t  f i v e  p o r t s  of A R I  probe ( f i g .  3 )  
samples p e r  second 
forward set  of two s t a t i c  p r e s s u r e  sources on AICS probes ( f i g .  3 )  
a f t  set of t h e  t w o  s t a t i c  p r e s s u r e  sources on AICS probes ( f i g .  3 )  
t ime ,  sec 
a n g l e  of at tack, deg 
angle-of-at tack parameter d e f i n e d  by 
 PI - P 2 ) / ( P l  + P2 + P4 + P5) 
angle-of-at tack parameter d e f i n e d  by ( P i  - P2)/P3 
angle-of-at tack parameter d e f i n e d  by 
(PI  - P 2 ) / [ ( P 3  - P I )  + 0-5 ( P I  - P 2 ) I  
angle-of-at tack parameter d e f i n e d  by 
(P1 - p 2 ) / [ ~ 3  - 0.5 (P4 + P 5 ) I  
ang le -o f - s ides l ip ,  deg 
ang le -o f - s ides l ip  parameter d e f i n e d  by 
(p4  - P5) / [P3  - 0.5 (P1 + P 2 ) l  
BpII 
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A 
S u b s c r i p t s :  
A R I  
AICS 
I R  
max 
0 
m 
ang le -o f - s ides l ip  parameter def ined  by 
- P5) / IP3  - P4 + 0.5 (P4 - P5) l  ( P4 
change i n  q u a n t i t y ,  t o  approximate i t s  d i f f e r e n t i a l  
c o r r e c t i o n  i n  q u a n t i t y  fo l lowing  d e l t a ,  e .g . ,  AaAm = 
(a, - aAm) i s  t h e  c o r r e c t i o n  t o  t h e  A R I  probe a n g l e  
of a t t a c k  
r e f e r s  t o  t h e  a i le ron- rudder  i n t e r c o n n e c t  f low-angular i ty  
probe 
r e f e r s  t o  measurements wi th  one of t h e  two a i r  i n l e t  c o n t r o l  
sys tem P i t o t - s t a t i c  probes 
r e f e r s  t o  measurement with t h e  vane-type a n g u l a r i t y  probe 
mounted on t h e  i n f r a r e d  scanner  pod 
maximum 
o r d i n a t e  i n t e r c e p t  of curves  shown i n  f i g u r e  31 
f r e e  stream, obtained from noseboom r e f e r e n c e  probe system 
AIR-DATA SENSORS 
S e v e r a l  a i r - d a t a  senso r s  are used t o  provide  p i t o t - s t a t i c - p r e s s u r e  and flow- 
a n g u l a r i t y  measurements f o r  t h e  a i r c r a f t .  Two of t h e  primary senso r s  a r e  eva lua ted  
i n  t h i s  paper .  One, t h e  a i le ron- rudder  i n t e r c o n n e c t  ( A R I )  probe,  s enses  p r e s s u r e s  
from f i v e  o r i f i c e s  i n  a hemispher ica l  probe; t h e  p r e s s u r e s  are used by two computers 
( A R I  a lpha  and b e t a )  t o  determine angles  of a t t a c k  and s i d e s l i p .  The o t h e r  sensor  is  
a p i t o t - s t a t i c - p r e s s u r e  probe c a l l e d  t h e  a i r - i n l e t  c o n t r o l  system (AICS) probe. The 
A R I  probe i s  shown i n s t a l l e d  on t h e  nose of t h e  F-14 i n  f i g u r e  1. Figure 2 shows t h e  
AICS probe t h a t  was mounted on t h e  l e f t  s i d e  of t h e  fuse l age .  Note t h e  presence of 
t h e  gun f a i r i n g  upstream of t h e  probe - i t  is  a p o s s i b l e  major source  of i n t e r f e r e n c e  
i n  t h e  probe measurements. The s p i n  canard normally is not  an i n t e r f e r e n c e  source ,  
f o r  it i s  c losed  dur ing  f l i g h t  except  during s p i n  t e s t s .  Another AICS probe was 
l o c a t e d  i n  t h e  same p o s i t i o n  on t h e  r i g h t  s i d e  of t h e  fuse l age  ( t h e r e  is  no gun f a i r -  
i n g  on t h e  r i g h t  s i d e ) .  The AICS probes have two sets of o r i f i c e s ,  as shown i n  
f i g u r e  3 ( b ) .  The forward s e t s ,  des igna ted  S I ,  are manifolded and used as a n  inpu t  t o  
t h e  a i r - d a t a  computer. Each S2 s e t  i s  plumbed t o  a s e p a r a t e  AICS computer. 
The ARI probe ( f i g .  3 ( a ) )  w a s  modified f o r  f l i g h t  t e s t i n g  t o  provide  angle-of- 
s i d e s l i p  measurements i n  a d d i t i o n  t o  angle-of-at tack measurements. The modi f ica t ion  
c o n s i s t e d  of i n s t a l l i n g  a pneumatic averager  which allows both absolute and d i f f e r e n -  
t i a l  p r e s s u r e  measurements t o  be made from common p r e s s u r e  p o r t s .  Such measurements 
a r e  r e q u i r e d  by t h e  a lgor i thms used by t h e  computers; with t h e  except ion  of a con- 
s t a n t ,  t h e  a lgo r i thms  a r e  i d e n t i c a l  t o  t h e  apIv and B P 1  parameters  d i scussed  i n  t h i s  
paper .  
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The performance of the two senso r s  w a s  eva lua ted  u s i n g  t w o  c a l i b r a t e d ,  r e f e r e n c e  
a i r -data  probe s y s t e m s .  F igures  4 and 5 show t h e  r e f e r e n c e  probes. The noseboom 
probe ( f i g .  4 )  provided t e s t  r e fe rence  measurements of Pi tot-s ta t ic  p r e s s u r e  and 
angles -of -a t tack  and sideslip. The second probe w a s  i n s t a l l e d  under  t h e  fuse l age  
on t h e  pod t h a t  houses t h e  I R  scanner;  it is thus  r e f e r r e d  t o  as t h e  I R  probe. 
I t  c o n s i s t e d  of  vanes f o r  making f low-angular i ty  measurements i n  t w o  body-planes (see 
f i g s .  5 and 6) .  Basic dimensions of the t w o  reference probes are shown i n  f i g u r e  6. 
The performance of t h e  ARI probe wi th  t h e  probe i n s t a l l e d  on t h e  a i r c r a f t  nose,  
as  w e l l  as on t h e  I R  pod (wi th  t h e  vane probe removed) w a s  eva lua ted .  The d a t a  pre- 
s e n t e d  i n  t h i s  paper were obta ined  wi th  the probe's c e n t e r l i n e  a l i g n e d  paral le l  wi th  
t h e  a i r c r a f t  water l ine .  
INSTRUMENTATION 
Accurate force-balance,  absolu te -pressure  t r ansduce r s  were used t o  measure p i to t -  
s t a t i c  p res su re .  The same type  t r ansduce r s  were used t o  measure t h e  A R I  pressures, 
p1 through p5. The a c c u r a c i e s  of  t h e s e  measurements v a r i e d  somewhat, b u t  t h e  l a r g e s t  
u n c e r t a i n t i e s  i n  t h e  recorded measurements were w i t h i n  k0.014 N / c m 2  ( 2 3  l b / f t 2 ) .  A 
d i f f e r e n t i a l - p r e s s u r e  t r ansduce r  w a s  used t o  measure t h e  d i f f e r e n c e  between SI and S2 
p r e s s u r e s  ( f i g .  3 ( b ) )  t o  determine t h e  AICS S1 s t a t i c  pressure. The p r e s s u r e  uncer- 
t a i n t y  a s s o c i a t e d  wi th  t h i s  t r ansduce r  w a s  20.0014 N / c m 2  (k0.3 l b / f t 2 ) .  
p r e s s u r e s  were recorded t o  a r e s o l u t i o n  better than  0.0005 N / c m 2  (0.1 l b / f t 2 ) .  Ind i -  
c a t e d  va lues  of angles  of  a t t a c k  and s i d e s l i p  from t h e  vane systems were a l l  recorded 
t o  an accuracy and r e s o l u t i o n  of bet ter  than  0.1 O .  
A l l  of t h e  
Data were recorded on board t h e  a i r p l a n e  on magnetic tape, us ing  a pulse-code 
modulation (PCM) d a t a  system; they  were then  telemetered to  t h e  ground s t a t i o n .  
R e a l - t i m e  monitoring w a s  achieved by us ing  a ca thode  r a y  tube (CRT) d i s p l a y  and s t r ip-  
c h a r t  recorder .  
SENSOR EVALUATION 
Angle-of-attack and ang le -o f - s ides l ip  d a t a  from t h e  nose-mounted A R I  probe were 
compared wi th  co r rec t ed  d a t a  from t h e  IR-pod-mounted vane probe as r e fe rence  condi- 
t i o n s ;  on t h e  o the r  hand, d a t a  obta ined  when t h e  A R I  probe w a s  mounted on t h e  I R  pod 
(wi th  the  vane probe removed) were compared wi th  the noseboom-vane d a t a  as r e f e r -  
ence.  Hence, it should be k e p t  i n  mind t h a t  bo th  t h e  a i r c r a f t  nose and t h e  I R  pod 
w e r e  used as t e s t - senso r  l o c a t i o n s ,  as w e l l  as r e f e r e n c e  senso r  l o c a t i o n s .  P i t o t -  
s t a t i c  p r e s s u r e  da ta  from the AICS probe were compared wi th  t h e  c o r r e c t e d  measure-  
ments from t h e  noseboom. 
Cor rec t ions  t o  t h e  noseboom measurements w e r e  provided by c a l i b r a t i o n s  from 
Grumman A i r c r a f t  Company. S t a t i c  pressures were c o r r e c t e d  f o r  p o s i t i o n  errors as 
func t ions  of Mach number f o r  a l l  Mach numbers, and as f u n c t i o n s  of ang le s  of a t t a c k  
f o r  Mach numbers less than  0.4. Angle-of-attack c o r r e c t i o n s  were made for  p i t c h  
v e l o c i t y ,  upwash, boom bending and o f f s e t ,  and f u s e l a g e  bending. S i d e s l i p  correc- 
t i o n s  were made f o r  r o l l  and yaw v e l o c i t i e s .  The IR-pod-mounted vane probe w a s  
c a l i b r a t e d  a t  Dryden, u s ing  t h e  noseboom vanes f o r  r e f e r e n c e  measurements. The 
appendix desc r ibes  the c a l i b r a t i o n  procedure. 
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I t  was no t  pract ical  t o  estimate t h e  u n c e r t a i n t i e s  i n  t h e  r e f e r e n c e  P i to t - s t a t i c  
measurements because the e f f e c t s  of l a r g e  f low angles on t h e s e  measurements are no t  
f u l l y  known. Likewise,  t h e  pneumatic l a g  i s  n o t  a c c u r a t e l y  known. Never the l e s s ,  it 
i s  b e l i e v e d  t h a t  t h e  r e f e r e n c e  p r e s s u r e s  are reasonably  a c c u r a t e  a t  f low ang les  less 
t h a n  about  loo and t h a t  t h e  accuracy decreases, e s p e c i a l l y  above M = 0.4, as f low 
ang le  i n c r e a s e s .  For  example, t h e  P i t o t - s t a t i c  pressure u n c e r t a i n t i e s  are both  
approximately 1 p e r c e n t  a t  l o w  f low angles ,  bu t  are believed t o  be w e l l  over 10 per- 
c e n t  a t  t h e  h i g h e r  ang le s .  Unce r t a in t i e s  i n  the  r e f e r e n c e  a n g l e s  of  a t t a c k  and s ide-  
s l i p  f o r  t h e  noseboom are be l i eved  t o  be g e n e r a l l y  w i t h i n  l o ,  excep t  a t  l a r g e  f low 
a n g l e s  and l a r g e  E u l e r  ang le  rates. The IR-pod-mounted r e f e r e n c e  vane probe ang les  
have a n  a d d i t i o n a l  l o  of c a l i b r a t i o n  unce r t a in ty .  
A R I  p robe  data w e r e  ob ta ined  from t h e  A R I  a l p h a  and beta computers. The angle-  
o f - a t t a c k  a lgo r i thm i s  a = (p1 - p2)/K(p3 - p4 ,5 )  ( r e f .  4 )  where p4 ,5  i s  a n  average 
p r e s s u r e  d e r i v e d  from o r i f i c e s  4 and 5 as determined by use  of t h e  pneumatic aver-  
ager. Angle of  s idesl ip  is  determined by a s i m i l a r  a lgo r i thm ( r e f .  4 ) .  The K term 
i s  a c a l i b r a t i o n  f a c t o r ;  a l though known t o  vary  wi th  Mach number, it i s  as s igned  a 
c o n s t a n t  va lue  for  t h e  computers. Values of ang le  of a t t a c k  and s idesl ip  obta ined  
from t h e  computers w e r e  a p p r o p r i a t e l y  c o r r e c t e d  for  p i t c h ,  roll ,  and yaw v e l o c i t i e s .  
As mentioned earlier,  an  A R I  probe i d e n t i c a l  t o  t h e  one mounted on t h e  nose w a s  
i n s t a l l e d  on t h e  I R  pod (wi th  t h e  vane probe removed) and eva lua ted .  The reason was 
t o  provide  r e f e r e n c e  measurements of angles  of a t t a c k  and s ides l ip  t h a t  could be used 
i n  c a l i b r a t i n g  t h e  nose-mounted A R I  probe. The IR-pod-mounted probe was f i r s t  Cal i -  
brated a g a i n s t  d a t a  from t h e  r e fe rence  t e s t  noseboom be fo re  t h e  nose-mounted A R I  
probe was i n s t a l l e d .  Th i s  procedure r e s u l t e d  from a requirement  of t h e  A R I  f l i g h t -  
t e s t  program t h a t  t h e  f l i g h t  demonstration be conducted us ing  t h e  A R I  probe i n s t e a d  
o f  t h e  f l i g h t - t e s t  noseboom. However, t h e  c a l i b r a t i o n  of t h e  IR-pod-mounted probe 
w a s  unsuccess fu l  and hence t h e  IR-pod-mounted vane probe w a s  i n s t a l l e d  and sub- 
sequen t ly  c a l i b r a t e d  f o r  use  i n  ob ta in ing  r e f e r e n c e  measurements. 
During t h e  unsuccess fu l  a t t empt s  t o  c a l i b r a t e  t h e  ARI  probe,  t w o  mod i f i ca t ions  of 
t h e  A R I  probe system w e r e  made and inves t iga t ed .  I n  both mod i f i ca t ions ,  t h e  pneu- 
m a t i c  averager  w a s  removed i n  an  attempt t o  improve system accuracies, and ano the r  
measurement w a s  s u b s t i t u t e d  f o r  s ens ing  t h e  average  "s ta t ic"  p r e s s u r e  r equ i r ed  i n  t h e  
aP1v o r  t h e  p P ~  a lgo r i thm ( i . e . ,  0 .5(p4 f p 5 )  i n  apIv and 0.5 (p i  + p2)  i n  B P 1 ) .  
one mod i f i ca t ion ,  t h e  S1 s t a t i c  p r e s s u r e  w a s  used E r o m  t h e  AICS probes; i n  t h e  o t h e r ,  
por ts  4 and 5 of t h e  A R I  probe were manifolded t o  p rov ide  t h e  measurement. N o t e  t h a t  
i n  t h e  l a t t e r  mod i f i ca t ion  it was not  p o s s i b l e  t o  determine t h e  a n g l e  of s ides l ip  by 
u s i n g  t h e  A R I  probe, s i n c e  t h e  p r e s s u r e  d i f f e r e n c e  between o r i f i c e s  4 and 5 are 
needed f o r  t h e  de te rmina t ion .  Evaluat ion of  t h e s e  modified A R I  system conf igu ra t ions  
i s  a lso inc luded  i n  t h i s  paper. 
I n  
The e v a l u a t i o n  p r e s e n t e d  h e r e i n  of t h e  AICS and A R I  s enso r s  i s  i n  t e r m s  of gen- 
e r a l  s e n s o r  c h a r a c t e r i s t i c s  wi th  respect t o  r e f e r e n c e  flow c o n d i t i o n s ,  e s p e c i a l l y ,  
' f o r  example, ang le  of  a t t a c k ,  rather than  i n  terms of complete a n a l y s i s  of calibra- 
t i o n  procedures  and accu rac i e s .  A complete assessment  i s  n o t  possible from t h e  
r e s u l t s  of t h e  p r e s e n t  s tudy  because o f  unknowns i n  t h e  accuracies of  t h e  noseboom 
r e f e r e n c e  data,  a g a i n s t  which a l l  of t h e  o t h e r  probes  d i scussed  i n  t h i s  paper  w e r e  
e i t h e r  d i r e c t l y  or i n d i r e c t l y  c a l i b r a t e d .  
Pul l -up  and s ides l ip  maneuvers were flown t o  o b t a i n  d a t a  a t  v a r i o u s  ang le s  of 
a t t a c k  and s i d e s l i p .  A t  t h e  h i g h e r  Mach numbers, s p l i t - S  and descending t u r n s  were 
used  t o  o b t a i n  d a t a  a t  t h e  h ighe r  ang le s  of a t t a c k ;  s idesl ips  w e r e  d i f f i c u l t  t o  
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perform a t  c o n s t a n t  a n g l e s  of a t t a c k ,  e s p e c i a l l y  a t  t h e  h ighe r  a n g l e s  of a t t a c k .  
Because t h e  data presented  i n  t h i s  paper were obta ined  p r i m a r i l y  under t r a n s i e n t  
c o n d i t i o n s  , t hey  demonstrate  t h e  e f f e c t s  of dynamic maneuvers on t h e  measurements. 
Some a c c e l e r a t i o n  runs  w e r e  a l so  made t o  i n v e s t i g a t e  Mach-number e f f e c t s  on t h e  
measurements. 
The d a t a  d iscussed  below, a l though n o t  i n c l u s i v e  of a l l  t h e  acqu i r ed  d a t a ,  s e r v e  
as selected r e p r e s e n t a t i v e  r e s u l t s  of t h e  sensor e v a l u a t i o n s  and as such i l l u s t r a t e  
s a l i e n t  c h a r a c t e r i s t i c s  of t h e  measurements. 
RESULTS AND DISCUSSION 
The performance eva lua t ion  of t h e  A R I  and AICS senso r s  is  d i scussed  i n  t h r e e  
p a r t s :  (1) flow-angle measurements from t h e  nose-mounted A R I  probe; ( 2 )  f low-angk  
measurements from t h e  modified A R I  c o n f i g u r a t i o n  i n s t a l l e d  on t h e  I R  pod; and ( 3 )  t h e  
s t a g n a t i o n  static-pressure measurements from t h e  t w o  AICS probes.  
A R I  Probe (Nose I n s t a l l a t i o n )  
A t i m e  h i s t o r y  o f  a t y p i c a l  maneuver flown t o  assess t h e  angle-of -a t tack  
measurement performance of t he  A R I  probe is  shown i n  f i g u r e  7. Note t h a t  from an  
i n i t i a l  va lue  of  0.60, Mach number decreased  to  a va lue  of abou t  0.10 nea r  t h e  peak 
ang le  of a t t a c k  of 43'. The l a t te r  p o r t i o n  of t h e  Mach number t i m e  h i s t o r y  ( a f t e r  
t = 13 sec) is  not  accurate, however, because t h e  noseboom re fe rence  s t a t i c  p r e s s u r e  
i s  n o t  adequate ly  c o r r e c t e d  f o r  p o s i t i o n  e r r o r  as a f u n c t i o n  of ang le  of a t t a c k .  For 
example, no c o r r e c t i o n s  are made when t h e  Mach number is g r e a t e r  than 0.4. I t  i s  
seen  t h a t  t h e  angle  of a t t a c k  dec reases  very r a p i d l y  ( a t  a ra te  of about  15" /sec)  
a f t e r  t h e  maximum ang le  of a t t a c k  is  obta ined .  This  p o r t i o n  of t h e  maneuver, which 
is t y p i c a l  of a l l  of t h e  angle-of -a t tack  maneuvers i n v e s t i g a t e d ,  p rovides  a means of 
e v a l u a t i n g  t h e  pneumatic response of t h e  p r e s s u r e  measurements from the  A R I  probe. 
The i n d i v i d u a l  A R I  p r e s s u r e s  vary s u b s t a n t i a l l y  du r ing  t h e  t i m e  h i s t o r y ,  a r e s u l t  of  
bo th  t h e  angle-of-at tack v a r i a t i o n  and t h e  descending t u r n  t h a t  w a s  flown. 
F igure  8 is  a p l o t  of ARI-determined ang le  of a t t a c k  a g a i n s t  t h e  r e fe rence  ang le  
of a t t a c k  f o r  t h e  maneuver j u s t  d i scussed  ( f i g .  7 ) .  I n  f i g u r e  8, and i n  subsequent  
f i g u r e s  where i t  is p e r t i n e n t ,  t h e  d a t a  sample ra te ,  i n  samples per second (SPS), i s  
shown. A f a i r l y  l i n e a r  r e l a t i o n s h i p  e x i s t s  between t h e  A R I  and r e fe rence  ang le s  of 
a t t a c k  f o r  t he  inc reas ing  angle-of-at tack p o i n t s  ( f i g .  8 ) .  The dec reas ing  p o i n t s  
show a non l inea r  r e l a t i o n s h i p ,  however, and, more impor t an t ly ,  d i s a g r e e  wi th  the  o t h e r  
p o i n t s  by a t  least  6" f o r  some ang les  above 200. 
A number of f a c t o r s  w e r e  i n v e s t i g a t e d  i n  e f f o r t s  to  account  for t h e  d i s c r e p a n c i e s  
i n  t h e  ang le  of a t t a c k  shown i n  f i g u r e  8. These factors w e r e  ( 1 )  v a r i a t i o n  of t h e  
a lgo r i thm used by  t h e  A R I  computer wi th  Mach number; ( 2 )  errors i n  p i t c h i n g - v e l o c i t y  
c o r r e c t i o n ;  ( 3 )  low va lues  of t h e  q u a n t i t y  p3 - [ ( p 4  + p 5 ) / 2 ] ,  which is  i n  t h e  denom- 
i n a t o r  of t h e  A R I  alpha-computer a lgor i thm;  ( 4 )  pneumatic l a g ;  and ( 5 )  effects  of t h e  
pneumatic averager .  In  cons ide r ing  f a c t o r  ( 1  ), t h e  a lgo r i thm used by t h e  A R I  a lpha  
computer has  a cons tan t  c a l i b r a t i o n  f a c t o r  K: a = ( P I  - p2)/K(P3 - p4 ,5 ) .  However, 
accord ing  t o  r e fe rence  4, K is  n o t  c o n s t a n t  b u t  v a r i e s  by abou t  16 p e r c e n t  throughout  
t h e  Mach number range. I t  is found t h a t  a t  a n  a n g l e  of a t t a c k  of 30°, t h e r e  can be a 
2.4' error a t  cer ta in  Mach numbers, assuming t h a t  K i s  se t  a t  a n  average  Value. A t  
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t h e  Mach numbers flown i n  t h e  maneuver under d i s c u s s i o n ,  however, K should have been 
approximately c o n s t a n t ,  and, t h e r e f o r e ,  f a c t o r  ( 1 )  cannot s i g n i f i c a n t l y  account f o r  
t h e  d i s c r e p a n c i e s  noted i n  f i g u r e  8 .  
The e r r o r  i n  p i t c h - v e l o c i t y  c o r r e c t i o n s  (factor 2 )  f o r  determining ang le  of 
a t t a c k  can be l a r g e ,  as can e r r o r s  i n  r o l l  and yaw v e l o c i t y  c o r r e c t i o n s  f o r  determin- 
i n g  a n g l e s  of s i d e s l i p .  These e r r o r s  a r e  consequences of errors i n  t h e  t r u e  veloc-  
i t y ,  a t e r m  t h a t  appears  i n  t h e  denominator of t h e  c o r r e c t i o n  terms; t h i s  is espe- 
c i a l l y  t r u e  a t  low v e l o c i t i e s .  A t  high ang le s  of a t t a c k ,  it i s  known t h a t  v e l o c i t i e s  
computed from t h e  r e f e r e n c e  noseboom measurements can be much t o o  low (e .g . ,  see 
f i g .  7 ) .  Therefore ,  t h e  corrections can be g r e a t l y  exaggerated.  For t h e  d a t a  i n  
f i g u r e  7,  t h e  p i t c h - v e l o c i t y  c o r r e c t i o n s  t o  ang le  of a t t a c k  were cons ide rab ly  less 
t h a n  l o  when ang le  of a t t a c k  w a s  decreasing. Some of t h e  i n c r e a s i n g  a n g l e  of a t t a c k  
p o i n t s  w e r e  a s s o c i a t e d  with somewhat l a r g e r  c o r r e c t i o n s  i n  t h e  high-angle-of-attack 
r eg ion  of t h e  maneuver, b u t  a n a l y s i s  shows t h a t  t h e  p i t c h - v e l o c i t y  c o r r e c t i o n s  d i d  
n o t  s i g n i f i c a n t l y  account f o r  t h e  noted d i sc repanc ie s .  
F a c t o r  ( 3 )  can have s i g n i f i c a n t  e f f e c t s  a t  l a r g e  a n g l e s  of a t tack,  low Mach 
numbers, and high a l t i t u d e s .  The minimum va lue  of [p3 - 0.5(pq + p 5 ) J  i s  about  
0.3 N/cm2 ( 6 0  l b / f t 2 ) ,  which occur red  a t  t h e  peak ang le  of attack ( f i g .  8). A 
0.01 N/cm2 ( 2  l b / f t 2 )  error i n  t h i s  q u a n t i t y  is e q u i v a l e n t  t o  1.5O error i n  ang le  
of a t t a c k  f o r  t h i s  cond i t ion .  Values of t h i s  q u a n t i t y  t h a t  are considerably lower 
t h a n  0 . 3  N/cm2 ( 6 0  l b / f t 2 )  have been noted i n  similar maneuvers. This  f a c t o r ,  t h e r e -  
f o r e ,  appears  t o  be a major c o n t r i b u t o r  t o  t h e  d i s c r e p a n c i e s  observed i n  f i g u r e  8. 
I n  t h e  i n t e r e s t  of b e t t e r  understanding t h e  sou rce  o r  sources  of e r r o r  ( e x c l u s i v e  
of t h e  A R I  a lpha  computer) t h a t  r e s u l t  i n  t h e  d i s c r e p a n c i e s  i n  t h e  ARI-determined and 
r e f e r e n c e  ang le s  of a t t a c k  shown i n  f i g u r e  8, t h e  pressure-angle-of-at tack parame- 
t e r s ,  apI through apIV, are p l o t t e d  i n  f i g u r e  9 f o r  t h e  same maneuver. These parame- 
ters,  of cour se ,  r e f l e c t  p r e s s u r e  measurements from t h e  ARI  sensor .  Before continu- 
i n g  t h e  error d i scuss ion ,  however, t h e  a p p l i c a t i o n  of t h e s e  parameters i n  determining 
a n g l e  of a t t a c k  must be considered.  For example, t h e  i n v e s t i g a t e d  a p I ,  and a p I I  
parameters  e x h i b i t  very l i t t l e  s e n s i t i v i t y  t o  ang le  of a t t a c k  v a r i a t i o n s  and are,  
t h e r e f o r e ,  i m p r a c t i c a l  f o r  u se  i n  determining ang le  of a t t a c k .  The o t h e r  q u a n t i t i e s  
show good s e n s i t i v i t y  t o  angle-of-attack v a r i a t i o n s ,  however, and t h e  apIv parameter 
y i e l d s  a very l i n e a r  r e l a t i o n s h i p  between A R I  and r e f e r e n c e  ang le s  of a t t a c k  up t o  an  
a n g l e  of about  40°. parameter taken from re fe rence  4 i s  
very  non l inea r  a t  ang le s  above about 26O. The d a t a  show t h a t  t h e  l a r g e s t  d i sc rep -  
a n c i e s  between i n c r e a s i n g  and decreasing angle-of-at tack p o i n t s  f o r  a p I I I  and ap IV 
parameters  are a s s o c i a t e d  wi th  t h e  h ighes t  angle-of-at tack change r a t e s .  However, it 
w a s  f i r s t  necessary t o  examine l a g  e f f e c t s  on i n d i v i d u a l  p r e s s u r e s  - with t h e  h e l p  of 
f i g u r e  7 - befo re  it w a s  decided t h a t  t h e  discrepancy between t h e  i n c r e a s i n g  and 
d e c r e a s i n g  p o i n t s  r e s u l t s  i n  t h e  c o r r e c t  sign. I n  o t h e r  words, t h e  s i g n  of t h e  d i s -  
crepancy i s  maneuver-dependent. For t h i s  maneuver, f i g u r e  7 i n d i c a t e s  t h a t  t h e  d a t a  
t h a t  would be most a f f e c t e d  by l a g  are those  ob ta ined  a f t e r  t h e  maximum ang le  of 
a t t a c k  is  a t t a i n e d .  
The r e l a t i o n s h i p  f o r  a p l l l  
F i g u r e s  8 and 9 show t h a t  t h e  r e s u l t s  from t h e  A R I  a lpha  computer are i n  dis- 
agreement with t h e  a p I v  p r e s s u r e  d a t a  as f a r  as t h e  discrepancy between i n c r e a s i n g  
and d e c r e a s i n g  angle-of-at tack p o i n t s  a r e  concerned. Th i s  disagreement can be 
a t t r i b u t e d  t o  a d i f f e r e n c e  between computed va lues  of t h e  0.5 (p4 + p5)  t e r m ,  for  
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which t h e  p re s su res  are measured by i n d i v i d u a l  pressure t r a n s d u c e r s ,  and t h e  sensed 
v a l u e  of p4,5,  using t h e  pneumatic ave rage r  from t h e  A R I  a lpha  computer. O r  it can 
be simply a t t r i b u t e d  t o  d i f f e r e n c e s  i n  p r e s s u r e  measurements between t h e  t r a n s d u c e r s  
used i n  t h e  parameter measurements and t h o s e  of t h e  computer. Th i s  a n a l y s i s  makes it 
clear t h a t  it i s  d i f f i c u l t  t o  measure flow a n g l e s  a t  h igh  a n g l e s  of a t t a c k  t o  an  
accuracy of l o  o r  2 O ,  u s i n g  t h e  ARI-probe system, e s p e c i a l l y  du r ing  dynamic maneuvers. 
The r easons  are two-fold: t h e  requirement t h a t  p r e s s u r e  measurements be very accu- 
ra te  and t h e  e f f e c t s  of pneumatic l ag .  
F igu re  10 shows a s i m i l a r  maneuver, except  t h a t  it begins  a t  Mach 0 .9 ,  t h e  high- 
es t  i n i t i a l  Mach number used f o r  t h e s e  tes ts .  Again, l a r g e  v a r i a t i o n s  i n  t h e  ARI-  
probe p r e s s u r e s  r e s u l t e d .  For t h i s  case, however, no a p p r e c i a b l e  d i f f e r e n c e s  w e r e  
noted between t h e  i n c r e a s i n g  and dec reas ing  angle-of-at tack p o i n t s ,  as shown i n  
f i g u r e  11. I n  general ,  t h e  h ighe r  Mach number runs produced more c o n s i s t e n t  da t a .  
However, aga in  t h e  apIv parameter d a t a ,  as shown i n  f i g u r e  12, d i s a g r e e  with t h e  
r e s u l t s  from t h e  ARI  a lpha  computer, i n d i c a t i n g  mismatched ang le s ;  t h e r e  i s  also ev i -  
dence of pneumatic l a g .  
A s  a l r e a d y  i n d i c a t e d ,  t h e  A R I  a lpha  computer does not  account f o r  any s i d e s l i p  
e f f e c t s  when determining t h e  ang le  of a t t a c k .  F igu re  13 shows t h a t  a t  s m a l l  ang le s  
of a t t a c k ,  s i d e s l i p  effects  - a t  least  f o r  t h e  range shown - are i n c o n s e q u e n t i a l  a t  
low Mach numbers (as i n d i c a t e d  by t h e  f l a t  r e l a t i o n s h i p  of A a A R I  and 6,). Although 
t h e  d a t a  are l imi t ed  a t  t h e  h ighe r  ang le s ,  t h e r e  appea r s  t o  be a s i g n i f i c a n t  s i d e s l i p  
e f f e c t ,  t h a t  is ,  t h e  r e l a t i o n s h i p  between A a A R I  and 8 , h a s  a d i s c e r n i b l e  s lope .  
F igu re  14 shows t h a t  a t  h ighe r  Mach numbers, a n g l e - o f - s i d e s l i p  e f f e c t s  are p r e s e n t  i n  
t h e  A R I  probe angle-of-at tack d a t a ,  even a t  low a n g l e s  of a t t a c k .  
F igu re  15 shows s i d e s l i p  c o r r e c t i o n s  r e q u i r e d  of t h e  A R I  b e t a  computer as a 
f u n c t i o n  of s i d e s l i p  angle  f o r  va r ious  ang le s  of a t t a c k  and Mach number ranges.  
Figures  1 5 ( a )  and 15 (b )  i n d i c a t e  t h a t  t h e  c o r r e c t i o n s  vary n o n l i n e a r l y  with a n g l e  
of s i d e s l i p  a t  low Mach numbers and a t  moderate a n g l e s  of a t t a c k .  However, t h e  
v a r i a t i o n  is  l i n e a r  f o r  low ang les  of a t t a c k  and h igh  Mach numbers, as shown by 
f i g u r e  1 5 ( f ) .  
( f i g s .  1 5 ( c )  through 1 5 ( e ) ) .  There is  a l s o  a s i g n i f i c a n t  d i f f e r e n c e  between 
i n c r e a s i n g  and decreasing ang le -o f - s ides l ip  p o i n t s ,  e s p e c i a l l y  a t  t h e  h i g h e r  ang le s  
of a t t a c k .  However, t h e  ra te  of change i n  s i d e s l i p  a n g l e  w a s  as high as 10°/sec f o r  
t h i s  maneuver. 
Much s c a t t e r  e x i s t s  i n  t h e  d a t a  f o r  t h e  h i g h e r  ang le s  of a t t a c k  
Two s i d e s l i p  parameters,  B P 1  and B P 1 1 ,  are shown i n  f i g u r e  16. These parameters  
are cons t ruc t ed  i n  a manner s imi l a r  t o  t h o s e  f o r  t h e  ang le -o f -a t t ack  parameters  
(apIv and apIII). The d a t a  correspond t o  t h e  same t i m e s  as t h e  d a t a  i n  f i g u r e s  1 5 ( b ) ,  
1 5 ( d ) ,  and 1 5 ( f ) .  R e c a l l  t h a t  f i g u r e  15 shows a n o n l i n e a r  r e l a t i o n s h i p  between t h e  
ARI-probe beta-computer measurements and t r u e  s i d e s l i p .  F igu re  1 6 ( a ) ,  however, which 
corresponds t o  t h e  same maneuver shown i n  f i g u r e  1 5 ( b ) ,  shows t h a t  t h e  t r ansduce r  
measurements f o r  t h e  dec reas ing  s i d e s l i p  p o i n t s  r e s u l t  i n  a l i n e a r  r e l a t i o n s h i p ,  i n d i -  
c a t i n g  t h a t  t h e  ARI-probe-computer values  are less a c c u r a t e .  
t h e  i n c r e a s i n g  s i d e s l i p  p o i n t s  i n  f i g u r e  1 6 ( a )  show n o n l i n e a r i t y  and a t  least  as many 
d i s c r e p a n c i e s  as the  ARI-probe-computer va lues .  However, t h e s e  d i s c r e p a n c i e s  are 
probably a r e s u l t  of p r e s s u r e  l a g  r a t h e r  t h a n  t r a n s d u c e r  e r r o r s .  
t h a t  t h e  s i d e s l i p  r a t e  w a s  much more r a p i d  f o r  t h e  i n c r e a s i n g  s i d e s l i p  p o i n t s  t han  
f o r  t h e  decreasing p o i n t s .  
d a t a  for  t h e s e  runs  do no t  p rov ide  any b e t t e r  s i d e s l i p  in fo rma t ion  t h a n  does t h e  
ARI-probe computer, a g a i n  probably because of pneumatic l a g .  I n  summary, t h e  same 
I n  comparison, some of 
Note, f o r  example, 
F igu res  1 6 ( b )  and 1 6 ( c )  show t h a t  t h e  s i d e s l i p  parameter 
a 
g e n e r a l  conclus ions  s t a t e d  f o r  t h e  ARI-probe angle-of -a t tack  measurements a r e  a p p l i -  
c a b l e  t o  ARI probe ang le -o f - s ides l ip  meaSUrementS because of t h e  s i m i l a r i t y  i n  t h e  
measurements. 
A R I  Probe ( I R  Pod I n s t a l l a t i o n )  
Flow ang le  measurements. - Typica l  resul ts  of t h e  angle-of -a t tack  measuring per- 
formance of t h e  ARI-probe i n s t a l l e d  on t h e  I R  pod are p resen ted  i n  f i g u r e s  17 and 18. 
The performance of t h e  probe when t h e  SI s t a t i c  p r e s s u r e  source  from t h e  AICS probes 
i s  s u b s t i t u t e d ,  as an i n p u t  t o  t h e  ARI-probe a lpha  and b e t a  computers, f o r  t h e  usua l  
s t a t i c  p r e s s u r e  source  i n c o r p o r a t i n g  the  pneumatic averager ,  i s  shown i n  f i g u r e  17. 
S e v e r a l  d i f f e r e n c e s  from t h e  performance of  t h e  n o s e - i n s t a l l e d  A R I  probe a r e  noted.  
Noteworthy of t h e s e  a r e  t h a t  t h e  ARI-computer ang le  of a t t a c k  is  not l i n e a r  with 
a n g l e  of a t t a c k ,  and t h e  d i f f e r e n c e  between i n c r e a s i n g  and dec reas ing  ang le  of a t t a c k  
p o i n t s  have t h e  oppos i t e  s i g n  from t h a t  observed f o r  t h e  nose i n s t a l l a t i o n  (compare 
f i g .  1 7 ( b )  with f i g .  8 ) ) .  Also, t h e s e  d i f f e r e n c e s  are q u i t e  l a r g e  f o r  t h i s  r e l a t i v e l y  
high-Mach-number case ,  i n  c o n t r a s t  t o  t h e  A R I  n o s e - i n s t a l l a t i o n  d a t a  f o r  Mmax = 0.90. 
The performance of t h e  probe f o r  an angle  of a t t a c k  maneuver when t h e  two A R I  
s i d e s l i p  p o r t s  ( 4  and 5 )  w e r e  manifolded and used a s  a s u b s t i t u t e  " s t a t i c " - p r e s s u r e  
sou rce  f o r  t h e  A R I  a lpha  computer i s  shown i n  f i g u r e  18. Although a more l i n e a r  
r e l a t i o n s h i p  r e s u l t s  t han  when t h e  AICS p r e s s u r e  source  was used,  l a r g e  d i f f e r e n c e s  
between i n c r e a s i n g  and dec reas ing  po in t s  aga in  occur. 
Typ ica l  ang le -o f - s ides l ip  measuring performance of t h e  A R I  probe mounted o n  t h e  
I R  pod and us ing  t h e  Si  s t a t i c - p r e s s u r e  source  from t h e  AICS probes is  shown i n  
f i g u r e  19 f o r  two maneuvers a t  d i f f e r e n t  Mach numbers (0 .6  and 0 .9) .  A non l inea r  
r e l a t i o n s h i p  between t h e  ARI-beta-computer angles  and ang le  of s i d e s l i p  r e s u l t s ,  bu t  
no a p p r e c i a b l e  Mach-number e f f e c t s  a r e  ev ident .  
\ 
From t h e  above d i scuss ion ,  it can be concluded t h a t  removing t h e  pneumatic aver -  
age r  had no b e n e f i c i a l  e f f e c t  on t h e  performance of t h e  A R I  computers i n  measuring 
ang le s  of a t t a c k  and s i d e s l i p .  
The apI and apII parameters  measured when t h e  pneumatic averager  was o p e r a t i o n a l  
are shown i n  f i g u r e s  2 0 ( a )  and 20 (b )  f o r  a maneuver t h a t  r e s u l t e d  i n  extreme f r e e -  
s t r eam ang les  of a t t a c k .  It i s  concluded from t h e s e  p l o t s  t h a t  both parameters  are 
e n t i r e l y  inadequate  f o r  de te rmining  angle of a t t a c k  under t h e s e  cond i t ions .  On t h e  
o t h e r  hand, t h e  a p I V  parameter  ( f i g .  20(d)  produces reasonable  r e s u l t s  f o r  f r e e -  
s t r eam ang le  of a t t a c k  up t o  about  40°. This  corresponds t o  about 3 3 O  of l o c a l  
a n g l e  of a t t a c k  ( i . e . ,  t h e  angle  of a t t a c k  a t  t h e  IR-pod-mounted probe)  a s  can be 
s e e n  from t h e  c a l i b r a t i o n  curve shown i n  f i g u r e  2 8  ( d i s c u s s e d  i n  t h e  appendix) .  How- 
e v e r ,  t h e  va lues  become asymptot ic  n e a r  a f ree-s t ream ang le  of a t t a c k  of 49O (42O 
l o c a l  a n g l e  of a t t a c k ) .  Below 49O, t h e  va lues  approach nega t ive  i n f i n i t y ,  and above 
49O they  approach p o s i t i v e  i n f i n i t y .  T h i s  occurs ,  n o t  s u r p r i s i n g l y ,  because t h e  
denominator of apIv r e s u l t s  i n  va lues  t h a t  pas s  through z e r o  n e a r  49O. 
p r e s s u r e  l a g  i s  evident  over  t h e  higher-angle-of - a t t a c k  reg ion .  
The e f f e c t  of 
The apIII parameter o f f e r s  no improvement, a s  seen  i n  f i g u r e  2 0 ( c ) .  
has  a s m a l l e r  d e f i n i t i v e  angle-of-at tack range and becomes asymptot ic  near  a free- 
s t r eam a n g l e  of a t t a c k  of on ly  40° ( 3 3 O  l o c a l  angle  of a t t a c k ) .  A l s o ,  t h e  l a g  
e f f e c t s  are even more predominant f o r  t h i s  parameter .  The r e s u l t s  i n  f i g u r e  20 
I n  f a c t  it 
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c l e a r l y  i n d i c a t e  the l i m i t a t i o n s  of the ARI-probe-type s e n s o r  for  measuring very  h igh  
f low ang les  u s i n g  the  flow parameters cons idered  i n  t h i s  paper. An a l t e r n a t i v e  
method t h a t  could  provide more a c c u r a t e  s o l u t i o n s  a t  h igh  ang le s  is  one planned f o r  
a i r - d a t a  e x t r a c t i o n  us ing  the s h u t t l e  e n t r y  air-data system (SEADS) p r e s s u r e  measure- 
ments, which are descr ibed  i n  r e fe rence  5. I n  t h a t  method, a b a t c h - f i l t e r  t echnique  
i s  used t o  s o l v e  the "aerodynamic state vec to r "  assuming a Newtonian p r e s s u r e  model. 
Mach number determinat ion.  - The de te rmina t ion  of  Mach number by us ing  t h e  ARI 
probe i n s t a l l e d  on t h e  I R  pod w a s  a lso i n v e s t i g a t e d .  Typ ica l  r e s u l t s  ob ta ined  d u r i n g  
a n  a c c e l e r a t i o n  t e s t  are shown i n  f i g u r e  21. A l l  f o u r  Mach-number parameters inves-  
t i g a t e d  showed adequate s e n s i t i v i t y  t o  Mach numbers a t  numbers below 0.8, b u t  they  
were on ly  s l i g h t l y  s e n s i t i v e  t o  Mach number i n  t h e  range of 0.8 t o  1.3. Included i n  
t h e  f i g u r e s  f o r  comparison are t h e  ratios of s t a t i c - t o - s t a g n a t i o n  p r e s s u r e ,  f o r  f l o w  
wi thou t  p o s i t i o n  errors, p l o t t e d  a g a i n s t  Mach number. The parameter MplV r e s u l t s  i n  
improved s e n s i t i v i t y  t o  Mach number, b u t  a lso demonst ra tes  unwanted s e n s i t i v i t y  t o  
a n g l e  of  a t t a c k .  F i g u r e  22 i l l u s t r a t e s  t h a t  a l l  f o u r  parameters, however, are s e n s i -  
t i v e  t o  ang le  of attack a t  a Mach number of 0.4 and t h a t  M ~ I V  is  the  most s e n s i t i v e  
parameter  a t  t h e  lower ang le s .  I t  is  concluded t h a t  t h e  A R I  probe mounted on t h e  I R  
pod can be used t o  determine Mach number, u s ing  t h e  Mach-number parameters i n v e s t i -  
ga t ed ,  b u t  on ly  a t  Mach numbers less than  0.8 and on ly  i f  ang le s  of a t t a c k  and s i d e -  
s l i p  are known. 
AICS Probes 
The s t agna t ion -p res su re  and s t a t i c - p r e s s u r e  measurement performance of t h e  
A I C S  probes w a s  eva lua ted  i n  terms of Mach number and f low ang les  (see f i g s .  23 
through 27) .  
wi th  Mach number f o r  bo th  t h e  l e f t  and r i g h t  probes i s  AICS The v a r i a t i o n  of pt/pt 
shown i n  f i g u r e  23(a) .  Excessive scat ter ,  commencing a t  M = 0.87, is e v i d e n t  i n  t h e  
d a t a .  The l e f t  probe r e s u l t s  i n  cons iderably  more scatter than  t h e  r i g h t  probe a t  
supe r son ic  speeds. Because t h e  scatter cannot  be accounted for by t ransducer  errors, 
i t  may very w e l l  have been a r e s u l t  of f low d i s t u r b a n c e s  caused by the gun f a i r i n g  
upstream of t h e  probe ( reca l l  t h a t  there i s  no gun f a i r i n g  on t h e  r i g h t  s i d e  of t h e  
F-14 fuse l age ;  see f i g .  2 ) .  
F igure  23 (b )  s h o w s  t h e  v a r i a t i o n  of p , /p~~cs  ve r sus  Mach number for  the S2 
s t a t i c - p r e s s u r e  measurement of both  probes. Only small sca t te r  - and thus  small 
v a r i a t i o n  of error - are i n d i c a t e d  f o r  Mach numbers between 0.60 and 0.87. However, 
much g r e a t e r  s c a t t e r  i s  e v i d e n t  o u t s i d e  t h i s  range,  e s p e c i a l l y  a t  h igh  Mach numbers. 
These r e s u l t s  are n o t  s u r p r i s i n g  because it is  known t h a t  t h e  t r a n s o n i c  and super-  
s o n i c  P i t o t - s t a t i c  measuring performance of probes  mounted on t h e  s i d e s  of fuse l ages  
a r e  a f f e c t e d  by complex f low- in t e r f e rence  phenomena and by r e f l e c t e d  shocks ( re f .  3 ) .  
The v a r i a t i o n s  of p t  AIcs/~t, and PAICS/P, w i th  a n g l e  of a t t a c k  near  M = 0.3 are 
p l o t t e d  i n  f i g u r e  24. (Note t h a t  i n  f i g .  24, as w e l l  as i n  subsequent  f i g u r e s  related 
t o  t h i s  s u b j e c t ,  the p r e s s u r e  ra t ios  are reciprocals of those  p re sen ted  i n  f i g .  23 - 
a r e s u l t  of a change i n  d a t a  process ing . )  The v a r i a t i o n  wi th  ang le  of a t t a c k  for  a l l  
of t h e  AICS-probe p res su re  sou rces  is  similar. The s1 p r e s s u r e s  r e s u l t  i n  t h e  l a r g -  
e s t  errors. S imi la r  p lo ts ,  b u t  for  d a t a  a t  h i g h e r  Mach numbers (nea r  0.61, are shown 
i n  f i g u r e  25. I t  is seen  i n  f i g u r e  2 5 ( a )  that  s t a g n a t i o n  p r e s s u r e  determined by t h e  
l e f t  probe (gun-fair ing s i d e  of t h e  f u s e l a g e )  i s  much more s e n s i t i v e  t o  ang le  of 
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a t t a c k  t h a n  t h a t  determined by the r i g h t  probe. Subsequently,  s t agna t ion -p res su re  
measurements from t h e  r i g h t  probe were s u b s t i t u t e d  for s t agna t ion -p res su re  measure- 
ments from the  le f t  probe as i n p u t s  t o  t h e  air-data computer for  conduct ing o t h e r  
f l i g h t  tests wi th  t h i s  a i r p l a n e .  
I n  ana lyz ing  t h e  M = 0.6 s t a t i c - p r e s s u r e  d a t a  ( f i g .  2 5 ( b ) ) ,  it must be r e m e m -  
bered t h a t  no c o r r e c t i o n s  were made t o  t h e  noseboom r e f e r e n c e  s t a t i c  p r e s s u r e s  f o r  
p o s i t i o n  e r r o r  as a f u n c t i o n  of ang le  of a t t a c k  a t  t h a t  Mach number. Assuming t h a t  
t h e  noseboom s t a t i c - p r e s s u r e  c o r r e c t i o n  i s  p o s i t i v e  and i n c r e a s e s  wi th  ang le  of 
a t tack,  as it is  known t o  do a t  lower Mach numbers, t h e n  t h e  A I C S  s t a t i c - p r e s s u r e  
e r r o r  i s  even l a r g e r  t h a n  t h a t  dep ic t ed  i n  f i g u r e  2 5 ( b ) .  
sou rce  from t h e  r i g h t  probe i s  seen t o  be s l i g h t l y  more s e n s i t i v e  t o  a n g l e  of attack 
t h a n  i s  t h e  l e f t  probe. 
s i t i v e  t o  a n g l e  of a t t a c k  t h a n  is t h e  S1 manifolded source,  which r e s u l t s  i n  a 
24 p e r c e n t  dec rease  with respect t o  t h e  noseboom r e f e r e n c e  s t a t i c - p r e s s u r e  over t h e  
40° angle-of-at tack range shown. 
The S2 s t a t i c  p r e s s u r e  
However, t h e  S2 source  f o r  both probes i s  much less sen- 
V a r i a t i o n s  of p t  /pt und PAICS/P~ wi th  t r u e  ang le  of s i d e s l i p  are shown i n  A I C S  00 
f i g u r e s  26 and 27 f o r  Mach numbers of 0 .3  and 0.6, r e s p e c t i v e l y .  The A I C S  probe 
s t a g n a t i o n  p r e s s u r e s  are l i t t l e  a f f e c t e d  by s i d e s l i p  ang le  f o r  t h e  a n g l e s  shown. 
However, the  AICS-probe s t a t i c  p res su res  r e s u l t  i n  s i g n i f i c a n t  asymmetric v a r i a t i o n s  
f o r  t h e  h i g h e r  Mach number tes t .  The S1 manifolded source r e s u l t s  i n  t h e  l a r g e s t  
changes,  which amount t o  10 pe rcen t  over t h e  ang le -o f - s ides l ip  range shown 
( f i g u r e  2 7 ( b ) ) .  
CONCLUSIONS 
T h i s  e v a l u a t i o n  of t h e  measurement performance of a hemisphe r i ca l ,  f low-angular i ty  
p r e s s u r e  probe and of a fuselage-mounted P i t o t - s t a t i c  probe flown a t  high flow ang les  
on a n  F-14 a i r c r a f t  pe rmi t s  t h e  fol lowing conc lus ions :  
1.  
2 .  
3 .  
4. 
The a l g o r i t h m  used by t h e  computer f o r  t h e  hemisphe r i ca l ,  € low-angular i ty  probe 
( t h e  A R I  p robe )  r e s u l t s  i n  a l i n e a r  r e l a t i o n s h i p  with l o c a l  ang le  of a t tack up 
t o  an  a n g l e  of about 3 3 O .  However, a t  an ang le  of a t t a c k  of about 42O, t h e  algo-  
r i t hm i s  discont inuous because i t s  denominator approaches zero.  O t h e r  i n v e s t i -  
g a t e d  a lgo r i thms  were l e s s  u s e f u l .  
Measurements of i n d i v i d u a l  AFU pres su res  i n d i c a t e  t h a t  t h e  A R I  computers do no t  
measure the  same va lues ,  e i t h e r  because of t h e  mechanization of t h e  pneumatic 
ave rage r  o r  because of d i f f e r e n c e s  i n  t h e  t r a n s d u c e r  measurements. 
Angle-of-s idesl ip  measurements with t h e  computers f o r  t h e  AM probe r e s u l t e d  i n  
e r r o r s  t h a t  v a r i e d  n o n l i n e a r l y  with s idesl ip  f o r  s o m e  f l i g h t  cond i t ions .  Inde- 
pendent measurements of t h e  p re s su res  from t h e  A R I  probe d i d  not  always r e s u l t  
i n  more a c c u r a t e  measurements t h a n  those achieved with t h e  computer, presumably 
because of t h e  effects of pneumatic lag .  
Pneumatic l a g ,  which can cause errors of s e v e r a l  degrees  du r ing  dynamic maneuv- 
ers ,  and t h e  need for very a c c u r a t e  p r e s s u r e  measurements a t  h igh  f l o w  ang le s ,  
p r e c l u d e s  t h e  a t t a inmen t  of accu ra t e  flow-angle measurements w i t h  t h e  Am-probe 
system, as p r e s e n t l y  mechanized, throughout t h e  f l i g h t  envelope of t h e  a i r p l a n e .  
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5. N o  marked improvement w a s  achieved i n  t h e  measurement of a n g l e  of attack when t h e  
ARI-probe system was modified t o  e l i m i n a t e  t h e  pneumatic averager .  
6. Mach-number parameters were i n v e s t i g a t e d  t h a t  allow measurements of an  IR-pod- 
mounted A R I  probe t o  be used f o r  determining f r ee - s t r eam Mach number. 
e f fo r t  w a s  s u c c e s s f u l  on ly  for  Mach numbers less t h a n  0.8 and on ly  if ang les  of 
a t tack and sideslip were known. 
This  
7. Stagnat ion-pressure measurements made with t h e  P i t o t - s t a t i c  probes ( A I C S )  mounted 
on t h e  sides of t h e  f u s e l a g e  r e s u l t e d  i n  i n a c c u r a t e  data a t  Mach numbers above 
0.87. The l e f t  probe e x h i b i t e d  more s e n s i t i v i t y  t o  a n g l e  of a t tack than  d i d  t h e  
r i g h t  probe,  probably because of t h e  gun f a i r i n g  upstream of t h e  probe on t h e  l e f t  
s ide  of t h e  fuse l age  (there i s  no f a i r i n g  on t h e  r i g h t  s ide ) .  
8. S t a t i c - p r e s s u r e  measurements made w i t h  t h e  A I C S  probes a l s o  r e s u l t e d  i n  inac-  
c u r a t e  data a t  Mach numbers above 0.87. The S2 s t a t i c - p r e s s u r e  source for both 
probes i s  much less s e n s i t i v e  t o  a n g l e  of a t t a c k  than  i s  t h e  S1 manifolded s t a t i c -  
p r e s s u r e  source,  which showed a 24 p e r c e n t  decrease with respect t o  t h e  noseboom 
r e f e r e n c e  s t a t i c - p r e s s u r e  over a 40° angle-of-at tack range a t  M = 0.6. The S i  
s t a t i c - p r e s s u r e  sou rce  also e x h i b i t e d  a 10 p e r c e n t  v a r i a t i o n  f o r  a 26O angle-of- 
s i d e s l i p  range a t  t h e  same Mach number. 
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APPENDIX - CALIBRATION OF THE IR-POD-MOUNTED VANE PROBE 
The IR-pod-mounted vane probe w a s  c a l i b r a t e d  f o r  f r ee - s t r eam a n g l e  of a t t a c k  and 
s i d e s l i p  u s i n g  t h e  t es t  noseboom vane measurements f o r  r e f e r e n c e s .  
F i g u r e  28 shows a set  of measurements t aken  du r ing  an  angle-of-at tack maneuver 
a t  l o w  speed and with nea r  O o  of s i d e s l i p .  Both angle-of-at tack measurements ( t e s t  
and r e f e r e n c e )  were c o r r e c t e d  f o r  p i t c h  rate. I t  w a s  found t h a t  a second-degree, 
least-squares-curve f i t  of t h e  d a t a  i s  r e p r e s e n t a t i v e  of d a t a  from similar runs ,  
r e g a r d l e s s  of t h e  Mach number ( h i g h e s t  Mach number t e s t e d  w a s  0.91, as long as t h e  
a n g l e  of s i d e s l i p  w a s  close t o  Oo. For o t h e r  s i d e s l i p  ang le s ,  a c o r r e c t i o n  w a s  
necessa ry ,  as s e e n  from f i g u r e  29. I t  w a s  decided t h a t  a s i n g l e  s i d e s l i p  c o r r e c t i o n  
cu rve  based on t h e  low-angle-of-attack d a t a  ( f i g .  2 9 ( a ) )  would be adequate  f o r  a l l  
a n g l e s  of a t t a c k ,  even though some of t h e  higher-angle-of-at tack d a t a  ( f i g .  2 9 ( b ) )  
i n d i c a t e  a s m a l l e r  s l o p e .  The r e s u l t i n g  equa t ion ,  t h e n ,  i s  
am = 7.60 + 1 . 1 4 1 ~ 1 ~  - 0 . 0 0 5 2 ( ~ ~ ~ ) ~  - 0.135B1~ deg 
A more complex c a l i b r a t i o n  w a s  r e q u i r e d  f o r  t h e  IR-pod-mounted probe s i d e s l i p  
measurements. Figure 30 shows t h a t  although l i n e a r  cu rves  can be drawn through t h e  
d a t a ,  a s t r o n g  dependence on ang le  of a t t a c k  e x i s t s .  The i n t e r c e p t s  and s l o p e s  of 
t h e s e  curves f o r  t h e  d i f f e r e n t  ang le s  of a t t a c k  are p l o t t e d  a g a i n s t  ang le  of a t t a c k  
i n  figure 31. S t r a i g h t  l i n e s  have been f i t t e d  through t h e  p o i n t s  t o  allow t h e  devel-  
opment of t h e  fol lowing algori thm: 
The accu rac i e s  of t h e  flow equa t ions ,  judging by t h e  sca t te r  i n  t h e  d a t a ,  are 
e s t i m a t e d  t o  be about * l o  and do not  account f o r  s y s t e m a t i c  errors i n  t h e  t e s t  nose- 
boom flow-angle measurements. 
F i g u r e  1 .  
on F-14 nose. 
A R I  h e m i s p h e r i c a l  f l o w - d i r e c t i o n  p r o b e  i n s t a l l e d  
F i g u r e  2 .  
on l e f t  s i d e  o f  f u s e l a g e ) .  
AICS probe on l e f t  s i d e  of f u s e l a g e  ( g u n  f a i r i n g  o n l y  
15 
4 c 
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( a )  ARI p r o b e .  F i v e  p a r t s  are l o c a t e d  
on h e m i s p h e r i c a l  s u r f a c e  ( r e f .  3 ) .  
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(b) AICS P i t o t - s t a t i c  probe. Four orif ices a r e  
located i n  e a c h  row ( t w o  on t o p  o f  p r o b e  and t w o  
on bottom). Orif ices i n  forward  row (SI) a r e  
0.318 c m  (0.125 i n )  a p a r t ;  orif ices i n  row (S2) 
a r e  0.64 c m  (0.25 i n )  a p a r t .  
F i g u r e  3 .  Test p r o b e s  ( t o p  view). All dimensions a r e  i n  c m  ( i n ) .  
F i g u r e  4 .  Reference nose boom and IR-pod-mounted p r o b e s ;  
p r o t e c t i v e  guard and c a l i b r a t i o n  j i g  i n s t a l l e d  on nose-boom 
p r o b e  and I R  p r o b e ,  r e s p e c t i v e l y .  
F i g u r e  5 .  IR-pod-mounted reference p r o b e .  
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(b) Flow-direction p r o b e  mounted on I R  s c a n n e r  p o d .  
F i g u r e  6 .  Reference a i r - d a t a  p r o b e s .  A l l  dimensions a r e  i n  cm ( i n ) .  
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Figure  7 .  Time history of ARI probe  
p r e s s u r e s  and a i r c r a f t  reference quan- 
t i t i e s  d u r i n g  a n g l e - o f - a t t a c k  maneuver: 
(Mo,)mx = 0 . 6 4 .  
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F i g u r e  8. 
a s  a f u n c t i o n  of t r u e  a n g l e  of a t t a c k :  
= 0.64;  4 s a m p l e s / s e c .  
A R I  p robe  a n g l e  of a t t a c k  
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F i g u r e  9 .  A R I  probe angle-of - a t t a c k  
p a r a m e t e r s  a s  a f u n c t i o n  of t r u e  a n g l e  
of a t t a c k :  (Moo)max = 0.64; 4 s a m p l e s / s e c .  
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F i g u r e  10.  
and a i r c r a f t  r e f e r e n c e  q u a n t i t i e s  dur-  
i ng angl  e-of -a t t a c k  maneuver: 
( M o D ) m a x  = 0.90. 
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Figure  1 1 .  
a f u n c t i o n  of  t r u e  a n g l e  of a t t a c k :  
(M.,)max = 0.90; 2 s a m p l e s / s e c .  
ARI p r o b e  a n g l e  of  a t t a c k  a s  
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F i g u r e  1 2 .  A R I  probe angle-of -a t tack  
parameters a s  a func t ion  of true angle 
of a t t a c k :  ( M a l m a x  = 0.90; 2 samples / sec .  
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( c )  a, = 10' t o  16';  M,  = 0.40 t o  0.44. 
( d )  a, = 5" t o  8"; M,  = 0.50 t o  0 .55 .  
F i g u r e  13.  A R I  p r o b e  a n g l e - o f - a t t a c k  cor- 
rection a s  a f u n c t i o n  of a n g l e  of s i d e s l i p :  
low Mach number; 0.5 s a m p l e s / s e c .  
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Figure  15 .  ARI probe  a n g l e - o f - s i d e s l i p  
corrections a s  f u n c t i o n  of t rue  a n g l e  of 
s i d e s 1  i p .  
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2 s a m p l e / s e c .  
a- = 4' to 6'; M, = 0.80 to 0.86; 
F i g u r e  15. Concluded . 
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( a )  Computed from d a t a  of f i g u r e  15(b). 
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F i g u r e  1 6 .  A R I  p r o b e  a n g l e - o f - s i d e s l i p  
p a r a m e t e r s  a s  a f u n c t i o n  o f  t r u e  a n g l e  
o f  sides1 i p .  
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( c )  Computed f r o m  d a t a  of  f i g u r e  15(€). 
F i g u r e  16. Concluded . 
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( a )  T i m e  h i s t o r y  of 
a n g l  e-of -a t t ack  
maneuver.  
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( b )  ARI  p r o b e  a n g l e  of a t t a c k  a s  a 
f u n c t i o n  of t r u e  a n g l e  o f  a t t a c k ;  
2 sampl es/sec . 
F i g u r e  17. A n g l e - o f - a t t a c k  measurement 
per formance  of ARI p r o b e  mounted on I R  
pod;  SI s t a t i c  p r e s s u r e  from A I C S  p r o b e  
s u b s t i t u t e d  f o r  pneumat i c  a ve rager  . 
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( a )  T i m e  h i s t o r y  o f  ( b )  ARI p r o b e  a n g l e  o f  a t t a c k  a s  a f u n c t i o n  
angl  e-of - a t t a c k  o f  t r u e  a n g l e  o f  a t t a c k :  4 s a m p l e s / s e c .  
maneuver . 
F i g u r e  18. A n g l e - o f - a t t a c k  measurement p e r f o r m a n c e  of ARI p r o b e  mounted on 
IR pod;  p o r t s  3 and 4 m a n i f o l d e d  and s u b s t i t u t e d  €or p n e u m a t i c  a v e r a g e r .  
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F i g u r e  19. A n g l e - o f - s i d e s l i p  measurement p e r f o r m a n c e  of ARI 
p r o b e  mounted on I R  pod; Si s t a t i c  p r e s s u r e  from AICS p r o b e  
s u b s t i t u t e d  f o r  pneuma t ic  a v e r a g e r  . 
am 
0 Increasing 
0 Decreasing 
I3 
0 
am 
0 Increasing 
0 Decreasing 
0 
10 20 30 40 50 60 70 - .12 1 0 2 0 3 0 4 0 5 0 8 0 7 0  - .12 
deg am, d q  
( a )  apII parame ter .  ( b )  apI parame ter .  
30 
20 
10 
upill aplv 
-20 
am 
0 Increasing 
0 Decreasing 
0 
0 
0 
10 
0 
- 10 
-30 0 -10 0 
a, 
0 Increasing 
0 Decreasing 
0 
" 0 0  
-40 
10 20 30 40 50 60 70 
am, deg 
-20 
10 20 3 0 4 0  s o w n  
am, dW 
( c )  a p I I I  parame ter .  ( d )  a p I v  parame ter .  
F i g u r e  20. 
a s  a f u n c t i o n  of t r u e  a n g l e  of a t t a c k :  
10 s a m p l e s / s e c .  
A n g l e - o f - a t t a c k  parameters  computed f o r  A R I  p r o b e  mounted on I R  pod 
pneumat i c  a v e r a g e r  i n s t a l l e d ,  M, < 0.4 ,  
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F i g u r e  22 .  Mach number p a r a m e t e r s  
computed for A R I  p r o b e  mounted on 
I R  pod a s  a f u n c t i o n  of t r u e  a n g l e  
o f  a t t a c k :  p n e u m a t i c  a v e r a g e r  
i n s t a l l e d ,  M ,  n 0 . 4 .  
F i g u r e  2 1 .  Mach number p a r a m e t e r s  
computed f o r  ARI  probe mounted on 
I R  pod a s  a f u n c t i o n  of Mach number; 
p n e u m a t i c  a v e r a g e r  i n s t a l  l e d .  
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F i g u r e  2 4 .  S t a g n a t i o n - p r e s s u r e  and 
s t a t i c - p r e s s u r e  per formance  of A I C S  
p r o b e s  a s  a f u n c t i o n  of a n g l e  of 
a t t a c k :  M, 0.3. 
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(b) Static pressure. 
Figure 25. Stagnation-pressure and static-pressure 
performance of AICS probes versus true angle of 
attack: M, = 0.6. 
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( a )  S t a g n a t i o n  p r e s s u r e .  
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(b) S t a t i c  p r e s s u r e .  
F i g u r e  26 .  S t a g n a t i o n  p r e s s u r e  and s t a -  
t i c  p r e s s u r e  p e r f o r m a n c e  of AICS p r o b e s  
a s  a f u n c t i o n  of t r u e  a n g l e  of s i d e s l i p :  
M, - 0.3. 
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F i g u r e  27. S t a g n a t i o n - p r e s s u r e  and 
s t a t i c - p r e s s u r e  per formance  of AICS 
p r o b e s  as a f u n c t i o n  of  t r u e  a n g l e  of 
s i d e s l i p :  M, = 0.6.  
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F i g u r e  28.  IR-pod-mounted p r o b e  a n g l e  
o f  a t t a c k  a s  a f u n c t i o n  of t r u e  a n g l e  of 
a t t a c k :  M, 0 . 3 ,  B I R  0 .  
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F i g u r e  29 .  
f u n c t i o n  of I R  p r o b e  a n g l e  of s i d e s l i p :  
IR-pod-mounted p r o b e  a n g l e  of a t t a c k  a s  a 
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Figure 30. 
a function of IR angle of sideslip. 
IR-pod-mounted probe sideslip correction as 
Ma = 0.3. 
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